The Kondo lattice model with Hund's ferromagnetic spin coupling is investigated as a microscopic model of the perovskite-type 3d transition-metal oxide La 1−x Sr x MnO 3 . In the classical spin limit S = ∞ and the infinite-dimensional limit D = ∞, the one-body Green's function is calculated exactly. Transport properties of the system in the presence of magnetic fields are calculated. The giant magnetoresistance of this model, which is in a good agreement with the experimental data of La 1−x Sr x MnO 3 , is explained by the spin disorder scattering process.
After the discovery of high T c oxides, the physics of strongly correlated systems have been reinvestigated extensively. One of the main subjects of theoretical and experimental physicists is the unusual metallic state when the Mott insulator is doped with carriers. From such motivation, properties of 3d transition-metal oxide compounds R 1−x A x MO 3 with three-dimensional perovskite-type structure have been intensively studied. Here R and A denote a trivalent rare-earth ion and a divalent alkaline-earth ion, respectively, and M represents a 3d transition-metal ion. They are suited to investigate systematic variation of 3d electron filling, since the carrier doping does not destroy the network of transition-metal and oxygen.
Recently, transport properties for filling-controlled single crystals of La 1−x Sr x MnO 3 have been investigated systematically.
1) For moderately doped samples x > ∼ 0.17, there exists ferromagnetic metal state below T c due to double exchange mechanism, 2) while at x ∼ 0 antiferromagnetic insulator phase is observed. As a model Hamiltonian of this system, the Kondo lattice model (KLM) in three dimension
with S = 3/2 and the Hund's ferromagnetic coupling J > 0 and the strong coupling limit J ≫ |t| has been proposed. 3) Here, the notations are standard. Within this model, t 2g and e g electrons of Mn are considered to form localized spins and itinerant fermions, respectively. The carrier number of the band electron for La 1−x Sr x MnO 3 is considered to be n = 1 − x.
At moderately doped region x = 0.17 ∼ 0.30, 1) a sharp drop is observed in the resistivity below the magnetic transition temperature T c . It is also reported that the field induced magnetic moment also increases the conductivity. Namely, the giant magnetoresistance (GMR) with negative sign is observed in this material. In single-crystal samples of La 1−x Sr x MnO 3 at x = 0.15 ∼ 0.30, the ratios of the magnetoresistance are as large as −∆ρ/ρ 0 > 90% around T c (150 ∼ 350K). What is universally seen is that the resistivity normalized by its zero field value is scaled by a function of the magnetization which has little temperature dependence at T > ∼ T c . In the small magnetization region M/M sat < ∼ 0.2, the scaling function is given by
where ρ is the resistivity and ρ 0 is its zero field value. Here M sat is the saturation magnetization. The experimental data show that the coefficient is C ∼ 4 at x ∼ 0.17, and the value of C decreases as the hole concentration x is increased.
The origin of the resistivity is qualitatively explained by the carrier scattering due to the thermally fluctuating spin configurations, or the spin disorder scattering. As the spontaneous or the induced magnetic moment is developed, the amplitude of the spin fluctuation decreases so that the resistivity also decreases. However, existing theories have not succeeded in explaining the value of C in eq. (2) as well as its band filling dependence. Kubo and Ohata 3) have studied the GMR of this system using the effective Hamiltonian. The resistivity is roughly calculated from the Drude formula with the quasi-particle life time being estimated from the thermal fluctuations of spins. The result at M ≪ M sat is described as
where M sat = S, so that at S = 2 it gives C = 1 irrespective of J and n. In the weak coupling approach, the Born approximation 5) gives a similar result
In this paper, we study the thermodynamical properties of the KLM with ferromagnetic coupling. One of our aim is to calculate the conductivity in order to investigate the GMR of this model and to compare the coefficient C in eq. (2) quantitatively with the experimental data in La 1−x Sr x MnO 3 .
Since we consider the case where the localized spin is in a high-spin state with the ferromagnetic coupling, the effect of the quantum exchange seems to be irrelevant in the paramagnetic phase. We will later discuss on this point in detail. Thus we consider the classical rotator limit S = ∞. The Hamiltonian is described as
where m i = (m i x , m i y , m i z ) and | m| 2 = 1. Although the Hamiltonian (5) is only constructed from one-body terms now, thermodynamic properties of this system is still not easy to obtain. Here we furthermore take the limit of infinite dimension D = ∞.
6) This corresponds to the neglection of site off-diagonal terms in self-energies and vertex corrections in a realistic D = 3 lattice system. In this limit, the problem is reduced to the single-site problem coupled with a self-consistent dynamical field.
7)
The action of the corresponding single-site model has the form
where
is the fermion creation operator and | m| = 1. Here, we express the Weiss fieldG 0 by 2 × 2 matrix. We determineG 0 self-consistently as in ref. 7 . The partition function can be evaluated as
where the trace
The Green's function of the single-site model is calculated exactly as
where · · · m represents the thermal average over m using the "Boltzman weight"
If we restrict ourselves to the paramagnetic solution, the Green's function is represented by a scalar function asG 0 (iω n ) =g 0 (iω n )I where I is the unit matrix, so thatG
The self-energy is then given by
From the derivation, we see that the Green's function (10) is the same as that of the system with the Ising substrate spin m = (0, 0, ±1). Furthermore, the Green's function of the infinite-dimensional Falicov-Kimball model (FKM)
is described as
Then, the Green's functions (10) and (13) share the same analytical structure at n f = 1/2. In the FKM, the c-electrons are scattered by the charge fluctuations of the localized f-electrons, which corresponds to the scattering process of the itinerant electrons by the localized spins in the KLM. Therefore, thermodynamical properties of the KLM in the limit D = ∞ and S = ∞ can be understood from the nature of the FKM in infinite dimension which has been studied intensively. In the paramagnetic phase, the imaginary part of the self-energy is finite at the fermi level, 9,10) Im Σ(0) = 0, since the spin disorder scattering process remains finite. Thus the system is not a Fermi liquid. For J ≫ W , the density of states splits into lower and upper band as seen in the Hubbard approximation. As the magnetic moment is induced, the imaginary part of the self-energy decreases because the thermal fluctuation of spins decreases.
Let us now discuss the transport properties of this model in the presence of a magnetic field. Calculations are performed using the Lorentzian density of states for the unperturbed system
with the band width W ≡ 1 as a unit of energy. Magnetic field is applied to the paramagnetic state. We express the induced magnetization by M = m i z , so that M sat = 1. From the feature of the Lorentzian density of states, the Weiss fieldG 0 is given byG
so that the Green's functionG is obtained analytically as
We see thatG as well asΣ =G
Here, we have applied magnetic field only to the localized spin for simplicity. Effect of the magnetic field applied to electrons does not make essential difference to the result.
Using the Kubo formula, optical conductivity is calculated from the equation
is the spectral function and f (ω) is the Fermi distribution function. Here we have used the approximation
and the constant v 2 is taken into σ 0 . This treatment is shown to be exact in the infinite-dimensional hypercubic lattice.
11) The constant σ 0 ∼ (e 2 a 2 /h) · (N/V ) gives the unit of the conductivity where a is the lattice constant.
From eq. (17), we calculate the dc conductivity σ dc . Since we are interested in the temperature region T c < T ≪ Im Σ at J ≫ W , we may replace f (ω) in eq. (17) by a step function. We note that the quasi-particle life time is finite even at the fermi-level so that σ(ω) at ω → 0 is not singular. As a typical example, we see σ dc ∼ 0.02σ 0 at J = 4 and n = 0.8 in the paramagnetic state. The experimental value is σ dc = 10 1 ∼ 10 2 (Ωcm) −1 at x = 0.2 and T > ∼ T c , which can be roughly explained by our calculation since σ 0 in three dimension approximately gives Mott's minimum conductivity σ 0 ≃ σ Mott ∼ 10 3 (Ωcm) −1 . In Fig. 1 , we show the resistivity ρ scaled by its zero field value ρ 0 as a function of M 2 . At M ≪ 1, we clearly see that ρ/ρ 0 = 1 − CM 2 is satisfied. As shown in ref. 1 for another band filling this curve reproduces the experimental data very well. In Fig. 2 , we show the coefficient C as a function of J and n. In the weak coupling limit J ≪ 1 we have C = 1 so that the result of Born approximation at S = ∞ is reproduced. We see that as J is increased, a deviation from the weak coupling limit is observed. The value of C at the strong coupling region J ≫ W decreases monotonically as the system is doped with holes. Thus, the experimental value of C at lightly doped region as well as its doping dependence can be explained from the current model in the strong coupling region.
In the paramagnetic phase and the weakly spin polarized state of La 1−x Sr x MnO 3 , we see that σ dc ≪ σ Mott so that the system is in a very incoherent state, and the model calculation also shows that the quasi-particle excitation is incoherent. The above results imply that the system has a short coherence length. Therefore, the effectively single-site treatment of the D = ∞ system is justified. The time scale of the quantum spin-flip process at J ≫ W is estimated by 1/T K ∼ 1/W which is relatively longer than the quasi-particle life time 1/Im Σ ∼ W/J 2 . Then, it is also justified to take the limit of S = ∞. However, for the coherent metal state in the low temperature ferromagnetic phase of La 1−x Sr x MnO 3 , the limit of S = ∞ and D = ∞ may not be justified. Quantum mechanical treatment of the localized spins as well as the spatially collective excitations may be necessary for the calculation.
To summarize, we have calculated the KLM in the limit S = ∞ and D = ∞. The Green's function is obtained exactly, which appears to have the same analytical structure as that of the Falicov-Kimball model. In the paramagnetic phase, the quasiparticle excitation has the finite life time due to the spin disorder scattering. Using the Kubo formula, we have investigated the transport properties of the model under the magnetic field. As also shown in ref. 1, the GMR in La 1−x Sr x MnO 3 is quantitatively reproduced by the present calculation.
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Coefficient C for various J and n.
